4. Nerve-evoked e.p.c.s and spontaneous miniature e.p.c.s decay exponentially in time with a rate constant which depends exponentially on V. The magnitude and voltage dependence of this decay constant is exactly that found from e.p.c. spectra for the channel closing rate a.
5. The conductance y of a single open end-plate channel has been estimated from e.p.c. spectra and is found not to be detectibly dependent on membrane potential, temperature and mean end-plate current. y = 0-32 + 0-0045 (s.E.) x 1010 mhos. Some variation in values for y occurs from muscle to muscle.
6. It is concluded that the relaxation kinetics of open ACh sensitive ionic channels is the rate limiting step in the decay of synaptic current and that this channel closing has a single time constant. The relaxation rate is independent of how it is estimated (ACh produced e.p.c. fluctuations, INTRODUCTION The kinetics of frog end-plate response to acetylcholine (ACh) have standardly been investigated using evoked and spontaneous release of transmitter. These studies are complicated, however, by the fact that the time course of ACh concentration at the post-junctional membrane is unknown. This uncertainty about cleft ACh concentrations inevitably makes any mechanistic interpretation of end-plate current difficult.
For many physical systems, inferences about the responses to stimulation may be made from observations on spontaneous fluctuations; such inferences are possible whenever the relaxation toward equilibrium follows the same course for spontaneously occurring and externally produced perturbations (see Kubo, 1957) . The discovery by Katz & Miledi (1970, 1971, 1972, 1973) of 'ACh noise' arising from end-plate conductance fluctuations thus raises the possibility of investigating end-plate channel kinetic behaviour through the properties of end-plate current (e.p.c.) fluctuations observed at constant ACh concentrations, thereby circumventing some of the difficulties inherent in the use of axonal release of ACh.
In an effort to study post-junctional gating kinetics without the complications that arise with nerve-evoked transmitter release, we have carried out a voltage clamp analysis of the end-plate conductance fluctuations produced by constant ACh concentrations. Since post-junctional membrane potential has been demonstrated to alter the time course of endplate currents (Gage & Armstrong, 1968; Kordas, 1969 Kordas, , 1972 Magleby & Stevens, 1972a) , and has been hypothesized to exert its effect through the gating mechanism itself (Magleby & Stevens, 1972b) , we have been particularly concerned with using this variable as a tool to investigate gating behaviour.
Our results are given in two parts. In the first part we demonstrate that ACh produced e.p.c. fluctuations may indeed be studied with the voltage clamp technique (Takeuchi & Takeuchi, 1959) , and present some properties of these e.p.c. fluctuations.
We have described e.p.c. fluctuations in terms of their spectra, a characterization which basically indicates the amplitude of each frequency component present in the fluctuating current. More specifically, an e.p.c. spectrum is calculated by decomposing a record of e.p.c. as a function of END-PLATE CURRENT FLUCTUATIONS time into constituent sine and cosine components with Fourier analysis; the sum of the squared amplitudes of the resulting sine and cosine waves give the spectral magnitude at the sinusoid frequencies. If the e.p.c. fluctuations are very rapid, for example, relatively large values of spectral estimates will occur even into high frequencies, whereas a slowly varying e.p.c. will have appreciable values for spectral estimates only in the lower frequency range. Altogether, then, the e.p.c. spectrum gives a profile of membrane permeability changes in terms of constituent frequency components, and is rather like the characterization of an amplifier's performance by its frequency response.
Inferences about end-plate conductance mechanisms can be made from e.p.c. fluctuations only through some hypothesis about the source of the e.p.c. fluctuations. In the second part of the Results we have presented a theory of post-junctional events together with a number of predictions about e.p.c. spectra based upon this theory, and have compared these predictions with experimental observations.
The satisfactory agreement we have found between predictions and observations supports the following conclusions: e.p.c. fluctuations reflect the probabilistic opening and closing of end-plate channels each with an open conductance of approximately 2 to 3 x 10-11 mhos. The closing rate of these channels depends exponentially on membrane potential and is the same when measured by e.p.c. spectra or from the closing of channels after axonal release of transmitter quanta. Altogether, ACh produced e.p.c. fluctuations seem to provide a satisfactory means for studying the kinetics of post-junctional conductance mechanisms under conditions of constant ACh concentration.
Some of these results have appeared previously in abstract form (Anderson & Stevens, 1972 , 1973 .
METHODS
The Rana pipiens sartorius nerve-muscle preparation was dissected and maintained in buffered Ringer solution adjusted to pH 7-20 (composition: 117 mM-Na+, 1-8 mmCa2+, 2-5 mM-K+, 121-1 mM-Cl-, 0-425 mM-H2PO-, 1-58 mM-HPO2-). Experiments were performed on frogs that had been kept at room temperature under running cold tap water for 1 day to 3 weeks. Muscles were pre-treated with either glycerol (Howell & Jenden, 1967) or ethylene glycol (Sevcik & Narahashi, 1972) in order to disrupt excitation-contraction coupling.
The following procedures were used for hypertonic treatment.
Steps (1) and (2) at room temperature (220 C):
(1) 50 min, 50 ml., 750-800 mm glycerol in buffered Ringer, pH 7-2; or, 50 min, 50 ml., 1000 mm ethylene glycol in buffered Ringer, pH 7-2.
(2) Then 60 min, 250 ml., Gage & Eisenberg Ringer: 117 M-Na+, 2-5 mM-K+, 5 mM-Ca2+, 5 mM-Mg2+, all as chlorides, unbuffered pH 6-8 (3) Finally, experiment, 6 ml., buffered Ringer/pH 7-2, cooled (< 4 hr). (Eisenberg et al. 1971) seemed to improve both input resistance and resting potential; low pH (6 2-6-8) occasionally produced similar results. After this treatment the muscle was stretched to its in 8itu length and mounted on the bottom of a glass and wax frame which fitted into a chamber with a standard glass microscope slide base. The resulting close approximation of the muscle to the bottom of the dish provided firm mechanical support and permitted Kohler transillumination. The nerve was stimulated through a suction electrode; stimulating current was supplied through an electro-optical isolation unit as pulses of 0-05 msec duration and amplitude adjusted to be supramaximal. Bath temperature was continuously measured with a thermistor positioned near the end-plate region and maintained at the selected value (± 0 250 C) by two peltier coolers (CAMBION, Inc.) supplied from a storage battery.
The preparation was usually maintained at temperatures near 100 C for several reasons. First, the low spontaneous quantal release rate (Fatt & Katz, 1952) at these temperatures minimized contributions of miniature end-plate currents to the ACh induced current fluctuations. Secondly, the cut-off frequency of the ACh current fluctuation spectrum was shifted at low temperatures to the frequencies at which extraneous noise arising in the measuring apparatus (see p. 662) was at a minimum (< 200 Hz).
Surface fibres were impaled with two glass micro-electrodes filled with 2-5 M-KCl one for passing current, the other for measuring membrane potential; electrode separation was less than 50 jm. Low impedance voltage recording electrodes (1-5 M92) were used to reduce the thermal noise contribution in the voltage clamp records and to improve clamp frequency response. The level of Ringer solution in the chamber was lowered to near the muscle surface (-2 mm) to minimize electrodebath capacitive coupling, but other precautions in this regards (such as placing a shield between electrodes) proved to be unnecessary for adequate response over the frequency range of interest (0 --500 Hz). A third micro-electrode, for iontophoresis, filled with approximately 2X5 M-ACh chloride was positioned extraceLlularly near the end-plate region.
Because accurate estimation of end-plate conductance with the voltage clamp techniques require that voltage control over the end-plate be as uniform as possible, care was taken to obtain optimal electrode placement (Takeuchi & Takeuchi, 1959; Gage & McBurney, 1972) . A successful penetration showed spontaneous miniature end-plate potentials (m.e.p.p.s) of at least 0-5 mV amplitude and fast rise time which were clearly identifiable simultaneously in both intracellular electrodes. Because membrane potential is not a faithful representation of the underlying conductance changes, final positioning criteria were based upon characteristics of miniature end-plate currents (m.e.p.c.) and evoked end-plate currents (m.e.p.c.) and evoked end-plate currents (e.p.c.) measured under voltage clamp. M.e.p.c. rise times less than about 0 5 msec (T = 100 C.) and peak amplitudes greater than 1 nA at V = -70 mV were deemed acceptable. Likewise e.p.c. rise times of approximately 1-5 msec and peak current > 100 nA at -70 mV and 10°C were taken to indicate adequate positioning. End-plates with high m.e.p.c. rates (> 1/sec at 180 C) were rejected to minimize contamination of the ACh spectra.
Because the frog end-plate varies considerably in length (McMahan et al. 1972; Peper & McMahan, 1972; see Kuno et al. 1971 (Fatt & Katz, 1951) terminals would occupy from 0-01 to 0-18 space constants, and the maximum voltage errors would range from 1 to 16% (d.c.) . Without visual identification of end-plate dimensions, electrical criteria were used exclusively to judge the adequacy of a clamp. These criteria included the m.e.p.c. and e.p.c. rise times mentioned above and the requirement that residual voltage change during an e.p.c. always be less than 5 % of the driving potential.
The iontophoresis electrode was positioned near the point of entry of the intracellular electrodes and test pulses of ACh passed. Although it was possible to place the electrode very close to the end-plate, as judged by the brief rise times of ACh produced conductance increase, we chose to move the electrode away from the endplate to reduce the possibility of local ACh concentration fluctuations near the receptor surface which might arise from rapid changes in electrode properties (Katz & Miledi, 1972 (Bendat & Piersol, 1971) were calculated for all fluctuation data from 8, 192 digital samples usually taken at 1*02 kHz. A fast Fourier transform routine was used after cosine tapering (Cooley & Tukey, 1965 .
The most straightforward way to study ACh noise is to record membrane potential fluctuations as Katz & Miledi (1970 , 1973 have done. The difficulty with this approach is that one is interested in the underlying conductance fluctuations characterized by the conductance spectrum Sg(f), but the measured quantity is the voltage spectrum Sv(f). S,(f) is not directly proportional to S,(f) but rather is distorted by the muscle current-to-voltage transfer function TM(f) according to the relationship (see Stevens, 1972) Sg(f) SVW(f) The mean membrane potential is denoted by V and it is assumed that voltage fluctuations around this mean are small.
If the muscle transfer function were known, then, the desired quantity Sg(f) could be calculated from the observed Sv(f) ; in earlier experiments, before the voltage clamp was employed, we adopted such an approach. Unfortunately the simple cable equation and lumped parameter models of muscle cell passive electrical properties are not a sufficiently accurate representation of actual behaviour to permit TM(f) to be calculated (Falk & Fatt, 1964; Adrian et al. 1970) . We therefore measured the muscle transfer function in each fibre, at the desired V, by injecting a white noise (flat spectrum) current through a second electrode placed near the end-plate. If the injected current noise spectrum is 9i(f) and the resulting voltage noise spectrum is v(f) then the muscle transfer function is given by IT,(f)I2 = S(f)/S(f) and the desired ACh conductance spectrum is obtained from
The validity of this method was tested by injecting model synaptic current with known spectrum into a real muscle, then using the voltage response and IT(f) 12 to rederive the injected current spectrum. The results demonstrated excellent agreement between the injected and calculated spectra.
The conductance spectra calculated with this technique agreed quantitatively with the voltage clamp records presented later in this paper and provide an independent check on the voltage sensitivity of the ACh noise rate constants. The transfer fiction method was discontinued in favour of the voltage clamp to permit accurate control of membrane potential over a larger range, and also to eliminate the division of spectra (see equation above) which severely limited accuracy, particularly near the ACh current equilibrium potential. Current noise in the absence of ACh Our first objective in this study was to investigate background noise, that is, the extraneous noise arising in our equipment and in the muscle membrane in the absence of ACh; this background noise must be characterized in order to evaluate its contribution to the ACh produced fluctuations which are described in the next section. Briefly, we have found that below about 200 Hz the dominant source is '1/f' noise arising in the muscle membrane whereas above 200 Hz, essentially all of the extraneous noise is of instrumental origin. Over the frequency range of interest for the e.p.c. fluctuations to be described later, both the '1ff' and instrumental noise were two to four orders of magnitude less than the ACh produced fluctuations we wished to investigate. The reader not concerned with details of our analysis of background noise may omit the remainder of this section without loss of continuity.
In the following presentation, we shall consider first equipment noise and then the ' 1/f' noise arising in the muscle membrane.
After evaluating the possible sources for extraneous noise arising in our measuring apparatus, we discovered that the only significant source was the thermal noise in voltage recording micro-electrode and noise in the first stage of the FET input amplifier. This electrode and amplifier noise is added to the actual membrane voltage and thus acts as a command signal for the voltage clamp system. The current required to clamp the membrane to this noisy signal increases steeply with frequency because the membrane capacitance results in a decreased muscle impedance at high frequencies.
To analyse this effect, we idealized the muscle cell as an infinite one-dimensional cable (Fatt & Katz, 1951 ) with a thermal noise generator (spectrum S,(f) = 4kTRe) in the voltage recording electrode resistance (Re); the mathematical techniques employed in the analysis are those described, for example, by Aseltine (1958) . For this system, the spectral density of measured current fluctuations SI(f) is related to
with T(f) obtained from the idealized muscle transfer function which is found, with standard techniques (e.g. Aseltine, 1958) , to be
T ( At low frequencies a membrane potential dependent, '1/f' spectrum noise dominates. Such 1ff noise in nerve membrane was discovered by Verveen & Derksen at the frog node (1968) and has been observed in lobster axon (Poussart, 1971 ) and squid axon (Fishman, 1972) . Present evidence indicates that 1/f noise arises in association with K+ ion flow in membrane channels. The 1/f noise in frog muscle exhibits an equilibrium potential (Veq = -1O mV in Fig. 1 , Vrest = -50 mV) which suggests a combination of ionic components. Increases in external K+ concentration shifted Veq to more positive values implicating this ion in the process, but we have not ruled out the possibility that Na+ or even Cl-ions participate in the current which results in a 1/f spectrum. 1/f noise is not solely a property of the end-plate region but occurs anywhere in frog muscle fibres with or without glycerol treatment. A lumped component model of the muscle studied with our voltage clamp apparatus gave spectra at low frequencies like that shown in Fig. 1 for -10 mV.
In hyperpolarized cells, humps were detected superimposed on the low frequency 1/f spectrum. Separation of these components gave a spectrum which seemed to behave as 1/(1 + 47r(f/f,)2)wherefc depended on membrane potential. Such a case is shown in Fig. 1 (-80 and -120 mV). Records were sorted to ensure that no spontaneous m.e.p.c.s were present. It is possible that these humps are spectra of current fluctuations in HodgkinHuxley type K+ channels (Siebenga & Verveen, 1972; Stevens, 1972; Fishman, 1973) .
In summary, all the extraneous noise added by the electrodes, voltage clamp and associated electronics has been quantitatively accounted for and under the conditions of our experiments these sources limit the resolution to about 1 x 10-12 A (sec)i at 100 Hz. ACh induced current fluctuations reported below are generally three orders of magnitude above these extraneous background sources.
In orderto minimize contributions from background noise, control spectra (obtained in the absence of ACh) have always been subtracted from the e.p.c. spectra presented in succeeding sections. Since the extraneous noise varies in magnitude with membrane potential (see Fig. 1 (Falk & Fatt, 1964) , Cm = 2,eF/cm2 (Gage & Eisenberg, 1969 , Table 1 ). 1/f noise present in the input amplifier was not included in this calculation; addition of this component would result in a spectrum similar to the observed one shown above for V = -10 mV.
Note the 1/f component visible at low frequencies and the humps apparent in records taken at large hyperpolarizations.
Membrane current fluctuations produced by ACh Fig. 2 Katz & Miledi (1971 . Spectrum of ACh produced e.p.c. fluctuations
The properties of the ACh induced fluctuations were characterized by spectral densities calculated from digitalized records of e.p.c. taken before significant desensitization had occurred. All of the over 200 e.p.c. spectra calculated for more than 40 voltage clamped end-plates had the same form: spectral densities were constant at low frequencies and approached 1/f2 at high frequencies. Examples of typical e.p.c. spectra are illustrated in Figs. 4, 5 and 10. 666 
END-PLATE CURRENT FLUCTUATIONS
The fast Fourier transform yields spectral estimates S(f) that are distributed according to x2 distribution with standard deviation a = {VAR(S(f))}1 = S(f)/B.T = 0*2 S(f) (Bendat & Piersol, 1971) Desensitization does not affect the form of S(f) During a constant iontophoretic pulse of ACh the post-synaptic depolarization gradually diminishes (Katz & Thesleff, 1957 Eigen & Hammes, 1963; Hammes, 1968a, b; Gutfreund, 1971 ; and references cited in Chock, 1971 Our theory may therefore be tested not only by evaluating the accuracy of the equation for e.p.c. spectra (see eqn. (4) below) derived from our picture of post-junctional events, but more critically by investigating predictions (described below) about relations between e.p.c. spectra and properties of the end-plate conductance changes produced by axonal ACh release.
In the remainder of this Part we present five tests of the theory just described; these tests are based on equations derived in the Appendix and in Magleby & Stevens (1972b) . Note that the various tests outlined below are not all independent, but that they have been separated into five distinct categories to aid in the presentation of experimental results. 668 END-PLATE CURRENT FLUCTUATIONS (i) The spectrum S(f) of ACh produced e.p.c. fluctuations is given by S(f) 2y,i1(V-Veq)/a (4) S1) 1+(27Tf/cx)2(4 Here S(f) is the spectral density at frequency, #I is the mean e.p.c., V is the membrane potential, Veq is the end-plate equilibrium potential, a is the rate constant for channel closing (from eqn. (3)) and y is the conductance of one open channel. Note that this equation holds exactly, because of restrictions in its derivation (see Appendix), for the limit of low ACh concentrations. The meaning of 'low ACh concentrations' and the accuracy of this assumption for our experiments is considered in the Discussion.
The cut-off frequency fc of the spectrum S(f) above is defined to be fc = a/27r and is that frequency at which S(f) has decreased to half of its zero frequency asymptote. Magleby & Stevens (1972b) have predicted that a should depend exponentially on membrane potential according to the relation a = BeAv (5) and have shown that ax, as estimated from nerve-evoked e.p.c.s, does indeed conform to this prediction. In terms of this analysis, the constant A reflects a dipole moment change associated with the conformational transition of the end-plate channel gating molecule from 'open' to 'closed', and the constant B is related to the free energy barrier for this conformational change in the absence of a perturbing membrane electric field. Because the cut-off frequency (that is, the half-amplitude frequency) may be conveniently measured from the ACh spectra, these spectra provide, through the relationfc = 1/2ir, a means of estimating ac. As a consequence of eqns. (4) and (5) The succeeding sections deal, in turn, with these predictions. 
Equation (4) The cut-off frequency of e.p.c. spectra depends exponentially on voltage
The effect of membrane potential on the ACh produced e.p.c. spectrum is demonstrated in Fig. 5 . The shape of the spectra are the same for various membrane potentials, differing only by a simple displacement along the frequency axis: hyperpolarization results in a lower cut-off frequency. In terms of our physical picture, hyperpolarization causes a slower relaxation of the conformation change associated with channel closing. The rate constant aa = 27Tfc (msec-1) determined from these spectra was found to depend exponentially on V as shown on a semilogarithmic plot in Fig. 6 . To obtain each point in Fig. 6 spectral estimates for e.p.c. fluctuations were fitted by eqn. (4) and the corresponding aca determined from the cut-off frequency fc. The least squares line shown in Fig. 6 is precisely the dependence predicted by eqn. (5). A and B of (5) Kordas, 1972a, b) . Fig. 7 shows a digitalized Fig. 9B ). The same end-plate gave the data for Fig. 9A and B ; the least squares line fit in Fig. 9A is drawn on Fig. 9B Temperature dependence of S(f) Increasing temperature shifts the e.p.c. spectrum toward higher frequencies without otherwise altering its shape (Katz & Miledi, 1972) . We have confirmed these observations as shown in Fig. 10 for 8 and 180 C taken at the same end-plate at -70 mV. The model presented earlier predicts this temperature dependence of the rate constants based upon the temperature sensitivity of the transition energy for the conformation change associated with the ionic gating mechanism. Curves calculated from eqn. (4) using a Q10 for Ma of 2-77 are shown in Fig. 10 as continuous lines.
The logarithm of Ma continues to depend linearly on membrane potential at higher temperatures (Fig. 11 ) but exhibits a decreased slope similar to that reported for e.p.c. tails (Magleby & Stevens, 1972b ). The Q10 is therefore membrane potential dependent and varied in Fig. 11 from 2-4 at -50 mV 3-6 at -100 mV.
Conductance of a single channel In order to minimize the minor influences of variability in Ma estimates on the measurement of single channel conductance y, e.p.c. spectra were refitted by eqn. (4) using regression values for aCe from the same end-plate. This procedure, performed with the aid of the computer, involved varying the single free parameter y by vertically shifting the theoretical curve (eqn. (4); see Fig. 3 ) until good visual agreement between the curve and spectral estimates was attained. The conductance of a single channel, y, was then calculated from eqn. (4) at f = 0: = S(O)Vz (6) A histogram of twenty y estimates taken at a single end-plate is shown in Fig. 12 . The mean conductance y = 0-32 + 0 009 (s.E.) x 10-10 mhos is somewhat higher than the grand mean of estimates from eight experiments which gave 7 = 0-205 + 0-0063 x 10-10 mhos (n = 84). This experiment was chosen for presentation because the voltage clamp of the end-plate was unusually good (see Methods for criteria) and produced large y estimates. In an imperfectly voltage clamped cable-like structure, the space constant is a function of frequency (A(f)) and will appear longer for d.c. than for fluctuating currents, an effect which tends to produce underestimates of S(O)/g1 as well as low pass ifitering S(f), thereby reducing the apparent ca. In addition, more positive estimates of the equilibrium The spread of y values about the mean seems attributable entirely to the variances associated with measurements of HI, S(0), Zaa and (V-Veq). The largest error was associated with estimates of the mean current /11 (10 %) and S(O) (± 10%). Rate constants predicted from e.p.c.s showed very little variance (< 1 %) as did (V-Veq) which was subject primarily to systematic errors through inaccuracy in VIq (± 5 mV). Estimates of the single channel open conductance were not demonstrably dependent upon membrane potential, mean end-plate current or rate constant OXa. Least squares lines fitted to these relations had slopes which did not significantly differ from zero (t test, P < 0-001). The variance about these least squares lines was large enough, however, to obscure possible weak relationship between single channel conductance and V, I# or ,a. 679 680 C. R. ANDERSON AND C. F. STEVENS The effect of temperature on y is shown in Fig. 13 . The mean and + 1t-are depicted for all experiments pooled at each temperature. No statistically significant (P < 0.01) dependence of y on temperature was observed in these experiments, although scatter in y estimates was sufficient to obscure a Q1o = 1-2 or 1-3 such as has been observed for PK and PNa in frog node (Frankenhaeuser & Moore, 1963) . shown above with a bar over + to-. The grand mean is based on eighty-four estimates from eight end-plates each, of which were analysed over a wide range of membrane potentials.
DISCUSSION
Inferences about mechanisms from fluctuation phenomena depend upon assumptions about a system's physical properties, and we have analysed our data within a particular theoretical framework. The most general statement that we can make about our results, however, without recourse to any particular theory of end-plate function, is that a fluctuationdissipation theorem (Kubo, 1957) The theory we have used is certainly adequate for the data, but is not unique, and indeed, any theory for which the fluctuation-dissipation theorem holds would be equally good at the formal level. If the state of end-plate channels is completely specified by only a single variable conductance for example, all that is required for the fluctuation-dissipation theorem to hold is that the system be macroscopically memoryless (Stevens, 1972) . Thus, our results, taken by themselves, are consistent with a rather general class of possible theories. Although we have not been able to formulate a plausible alternative to the theoretical scheme used, we must emphasize that the rather striking agreement between theory and experiment presented here cannot be taken as final proof of our theory; it merely shows that the theory is consistent.
As indicated earlier, the interpretation one places on the conductance spectra we have studied depends upon the precise assumptions made about the system. For example, we have assumed that the binding of ACh to the receptor is rapid and voltage independent, whereas the subsequent con-formational change is slower and field-dependent; in terms of this model, the physical significance of the cut-off frequency fc of our conductance fluctuation spectra is intimately related to the dipole moment of the hypothetical gating molecule. Guided by the rapid kinetic studies of enzyme-substrate interactions (Eigen & Hammes, 1963; Hammes, 1968b) (Eigen & Hammes, 1963; Hammes 1968a, b; Chock, 1971; Gutfreund, 1971) . This, coupled with the suggestive evidence from artificial membrane work in which the individual channel conductance time courses can be observed and always appear as square pulses, lead us to support the discrete conductance hypothesis (Hladky & Haydon, 1970; Bean, 1972; Ehrenstein et al. 1970; Gordon & Haydon, 1972;  LaTorre, Ehrenstein & Lecar, 1972 Kasai & Changeux (1971) ; Katz & Miledi (1972) have already discussed reasons for this rather large discrepancy. We feel that our estimate of y is the most reliable currently available, but must emphasize that this quantity is accurate only insofar as the theory used to calculate it is satisfactory, so that a more precise evaluation of this parameter must await the acceptance of a physical model for end-plate response.
The low conc'entration limit In our development of the equations used to interpret the observed fluctuation spectra, we have supposed (see p. 669), as was assumed earlier (Magleby & Stevens, 1972b) , that the post-junctional membrane was subjected only to low concentrations of ACh in the sense that only a very small fraction of the receptors were, at any moment, combined with ACh. In this low concentration limit, the number of receptors not bound to ACh is effectively constant, and the random process which describes AChreceptor interaction may be assumed to be Poisson. Unfortunately, no information independent of the results obtained here is available to permit evaluation of this assumption. We can, however, check the consistency of the assumption with our data. For the low concentration limit, because the underlying process is then Poisson, the variance of conductance fluctuations should be proportional to the mean conductance, whereas if appreciable number of receptors were combined with ACh at higher ACh concentrations, the slope of the variance vs. mean conductance should decrease for the higher mean conductances. Over the range of mean endplate conductances investigated in our experiments, variance was indeed proportional to mean conductance as required by our assumption of low ACh concentrations (see Fig. 3 (Fig. 3) 9(f) = ReY{C(t)} = 2v f m(T)e-i2rTfd| 2.
If m(t) rises instantaneously to a value M and decays exponentially with rate a: m(t) = Me-t, t > 0 then, V(f)=2v 2 + (2TfA)2 684 END-PLATE CURRENT FLUCTUATIONS We estimate that after screening the records v.. = 0*2/sec at 80 C. For M = 1 x 10-9 A (see Fig. 2 and Gage & McBurney (1972) ) and a = 0'14 (msec-1) at V =-50 mV (see Fig. 9 ), R(O) = 2 0 x 10-23 A2 see for the m.e.p.c. contribution. Thus, since S(O) t 10-21 A2 sec for the ACh noise (see Fig. 4 ), the maximum contamination of the e.p.c. spectrum by undetected m.e.p.c.s is less than 1 0 %. Further evidence that ACh fluctuations are not a result of spontaneous m.e.p.c.s is given by the presence of ACh noise in denervated end-plates (Katz & Miledi, 1972) .
Nor does it seem likely that ACh fluctuations are due to the iontophoresis technique since bath application gave equivalent results (Katz & Miledi, 1972 Since end-plate regions can occupy a significant fraction of a space constant, and particularly since the effective space constant is shorter for more rapidly varying signals, it is possible for errors to arise from the failure to control adequately voltage over the entire region of end-plate conductance increase (see p. 659). Gage & McBurney (1972) have noted a difference between the decay constant for the m.e.p.c.s they studied and the decay constants published in the literature for e.p.c.s, and they conjecture that this difference might be due to just such failure to achieve uniform control over the whole end-plate region. We have not observed such a discrepancy in the instances where the e.p.c.s and m.e.p.c.s were studied at the same end-plate. Thus, the fact that presumably localized and widespread conductance increases at the end-plate behaved in the same manner is further evidence for the adequacy of our voltage clamp. 685 C. R. ANDERSON AND C. F. STEVENS Effects of pre-treatment with hypertonic solutions Hypertonic pretreatment of the muscle to disrupt excitation-contraction coupling affected some membrane properties while leaving others intact. Resting potentials were below normal (-40 to -70 mV) and the equilibrium potential, as determined from e.p.c. reversals, shifted to near 0 mV. We have ascribed this effect to a loss of internal K+ during hypertonic tubule disruption. Evidence for this hypothesis is based upon the suggestion that membrane 1/f noise is due to K+ ion flow (Verveen & Derksen, 1968; Poussart, 1971) . We have observed that the magnitude of 1/f noise has a minimum which occurs at higher membrane potentials in glycerol fibres than in normal ones indicating a positive displacement of the K+ equilibrium potential. The input resistance of the muscle fibres, however, recovered to approximately normal values after osmotic shock.
ACh receptor function appeared to be unaffected by glycerol or ethylene glycol pre-treatment. This conclusion is supported by the fact that ACh fluctuation spectra taken in untreated fibres, over a limited range of V, exhibited the same characteristics as pretreated muscles. In addition, e.p.c. decay kinetics were the same in glycerol fibres and in untreated muscle where contraction was blocked by curare (Magleby & Stevens, 1972b) . Thus, we have seen no evidence that subjecting muscles to the hypertonic solutions alters the properties we wish to investigate, although we cannot of course be confident that gating mechanisms are entirely unaffected by this procedure.
Summary of the proposed physical gating mechanism
In this work we have characterized the end-plate conductance fluctuations which result from constant applications of ACh: the form of the spectra is accurately summarized by eqn. (4), a description containing two parameters. The first of these parameters, the cut-off frequency fc, varies exponentially with voltage, whereas the second parameter y, which reflects an appropriately normalized amplitude of the spectrum (see eqn. (6)), shows no significant dependence on voltage. The declining phase of both e.p.c.s and m.e.p.c.s is exponential, and the rate constant a which specifies the form of this exponential also depends exponentially on voltage. Our results show that the cut-off frequency of e.p.c. spectra and the decay constant for m.e.p.c.s are related by fc = ace/27.
The physical model we have adopted will account quantitatively for these observations. According to our picture, a gating macromolecule guards an ion selective channel with an open conductance of about 3 x 10-11 mho which permits the passage of Na and K ions. This gating molecule can be in either of two principal conformations, one of which 686
